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1. INTRODUCTION

Electronic equipment 1s potentially vulnerable to the electromag-
netic pulse (EMP) caused by the detonation of a nuclear weapon at high
altitudes. Military electronic systems that are field deployed and
composed of several units are particularly vulnerable, The command,
control, communication, and primary power cables that link thesc units
are excellent couplers tor large amounts of energy from the incident
field to the electronics.

The Harry Diamond Laboratories (HDL) pertormed experimental coupling
studies of a scale model of the PATRIOT air defense system as part of
the evaluation of this system's ability to survive exposure to EMP.
This exercise was vrimarily concerned with providing basic data that are
either too costly and time-consuming cr lmpossible to obtain 17 a tull-
scale ftield operation.

Namely, how du the externa!l receptor . .1r-nts change with variation
of the incident field's azimutha, 2. vation angles as well as
polarization? What is ‘the «Tte © 0 _ai .+ - mting on EMP coupling?  How
critical is system ground:rng . EMI po e ciony Tre answers to these
questions will be invaluenis i e, loylny e pPATKIOT 10r full-scale
testing as well as for assessing the  contigaration  that will best

minimize the impact ot an EMP threat,

2. PATRIOT SYSTEM DESCRIPTION

The PATRIOT is a mobile system designe: to provide Army air defense

using gulded missiles. The system wili. detect, 1dentity, track, and
destroy high- or low-altitude targets.! he missiles are mounted on
launching stations that are ot physicaily cunnected to the fire control
section (FCS). Fire contiol 1% maintained by a very high frequency

(vhf) data radio link from the launch sites toe the FCS,

The FCS .: composed of tour mobi .« units: the engagement control
station (ECS), t.+ antenna mast -r-.p (AMG), the radar set (RS), and an
electric power plant “Pp'. .1 of the FCS units are interconnected by

cables that are potential EMP receptors (fig. 1).

The units that comprise the FCS were scale modeled to 1/50 of their
actual size for this experimental coupling study.

IpATRIOT Ai- Defense System, Raytheon Co. Missile Systems Div.,
PATRIOT Progr Office, Bedford, MA, Br. 10165, Rev. A (February 1978).
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Figure 1. PATRIOT fire control center.,

3. MODELING
3.1 Theory

The tfact that electromagnetic scale modeling 1s possible 1in
general is due to the linearity of Maxwell's equations that describe the
fieids 1n any electromagnetic system. It is necessary, theretore, to
eliminate nonlinear media from the system of interest. 1In theory, it 1s
not necessary to exclude nonhomogenous media since Maxwell's equations
are valid for nonhomogeneous as well as homogeneous media.

Sinclair shows that "for an arbitrary choice of the tour scale
factors p, a, B, and Y it is theoretically possible to constiruct an
exact model to simulate a given full-scale system."? The scale tactors
are defined as follows:

= mechanical (linear dimension) scale factor,
= scale factor for electric field intensity,
= scale factor for magnetic field intensity,
scale factor for time.

<~ T
[

2G. sinclair, Theory of Models of Electromagnetic Systems, Proceedings
of IRE (November 1948), 1364-1370.
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Sinclair proceeds to show that when air in the full-scale system is
simulated with air in the model, the following relationships are
established for all media being modeled:

u' = y (permeability),
€' = € (permittivity),
¢' = po (conductivity),
P =Y

a= B,

where the primed macroscopic properties refer to the model media and the
unprimed properties refer to the full-scale system.

3.2 Scope and Application

The scope of this effort is to supply sufficient external
receptor (cable) coupling information so that one can make intelligent
decisions regarding the optimum layout of the PATRIOT system to minimize
the impact of the EMP threat. The modeling also provides the kind of
basic information needed to design the best possible type of test to
determine the system's vulnerability,

For the PATRIOT model, p = 50, so that all physical dimensions
have been scaled down by 1/50. Copper was used to fabricate all
shelters, trucks, and cables (wires were used to model cables) because
copper affords the highest practical value of conductivity.

Previous tests at this facility have shown that the rise time
of the currents induced in buried cables increases significantly as
compared with the radiated-fielded rise time because of the high-
frequency losses in the ground. These losses will increase the rise
time also for cables 1lying on the ground as in the case of the
PATRIOT. As will be seen, the rise time of the radiated field in the
model was 200 ps.,.

3.3 Scale Modeling Facility

The HDL Electromagnetic Scale Modeling Facility occupies a
large, essentially wooden structure at the North Annex of Fort Belvoir,
VA. The structure, which is known as the Facility for Research in
Electromagnetic Effects (FREME), is approximately 46 x 30 m, with the
highest point of the roof 15 m above the floor (fig. 2).

The modeling is carried out in an 18 x 24 m box containing
chemically treated sand of 10-cm average depth.

11
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Figure 2. Scale mcdeling facility.

3.4 Instrumentation

3.4.1 Pulse Generator

The pulse generator used for this test was designed and built
by HDL personnel. It consists of a coaxial-cable charge line of
variable length attached to a commercial high-voltage direct current
(dc) power supply. This discharges through the contacts of a mercury-
wetted reed relay to the attached load. The mercury switch is housed in
an aluminum casing that closely maintains a 50-ohm coaxial configuration
from the charge line to the load. The aluminum allows the switch to be
repetitively operated by the field induced from an alternating current
(ac)~line-fed coil surrounding the casing. The output of this device is
a variable-length pulse with a 150-ps rise time and a level of up to
1000 V into 50 ohms. The shape of the pulse is determined by a series
capacitor inserted in the output. The output pulse is then coupled to
the model antenna through a low-loss coaxial line.

3.4.2 Pulse Radiator, Horizontal

The output pulse of the generator was used to drive a
horizontally polarized loaded dipole (LDP) antenna. The LDP antenna is
a cylindrical dipole that is center fed by a bicone (fig, 3). This

12




bicone has a half angle of approximately 7 deg, yielding an impedance of
300 ohms, and a half length of 0.46 m, which is easily suftficient to
launch the leading edge of the pulse without distortion. The bicone is
joined to two 10-cm-diameter cylinders, which radiate the late time of
the pulse. The overall length of the LDP is 6.6 m.

Figure 3. Loaded dipole antenna illuminator.,

. One side of the LDP is at dc ground and is used to house the
radio frequency (rf) coaxial cable that conducts the remotely generated
pulse to the bicone apex. The other side of the antenna is connected to
the center conductor of the coaxial cable, End reflections are
minimized by loading the ends of the antenna with rf-absorbent material.

The output of the generator was adjusted to yield an 860-V
pulse applied to the LDP bicone, which, with an impedance-mismatch
factor of 1.7, provided a bicone voltage of 1461 V., At a distance of
3.1 m, in the equatorial plane of the bicone, the calculated wvalue of
the free electric field is 94 V/m. The actual measurement of this field
is discussed in section 3.5.

13




3.4.3 Pulse Radiator, Vertical

The vertical illumination of the PATRIOT was obtained by
applying the pulse source to a resistively tapered monopole over a
ground plane. The impedance of this monopole was determined to be 335
ohms by time domain reflectometry, This value yields an impedance-
mismatch factor of 1.74, which would provide a monopole driving voltage
of 1462 V. Using the 3-m distance yields a calculated value of 87 V/m
for the free electric field. (See sect. 3.5 for comparison with
measured field.)

3.4.4 Measurement Equipment

The HDL Electromagnetic Scale Modeling Facility uses time
domain sampling (TDS) techniques to observe the responses of systems
under test. This use is necessary since compliance with the scaling
laws requires a radiated field with an extremely fast (<250 ps) rise
time, which precludes the use of real-time oscilloscopes. The use of
TDS has recently been enhanced through the application of a digital
processing oscilloscope (DPO) controlled by a minicomputer (Tektronix
WP1221 Word Processing System). The computer allows one to signal
average probe and sensor responses, which greatly enhance the signal to
noise ratio, Of equal importance is the system's capability for
mathematical manipulation of any collected waveform, This capability
includes fast Pourier transforms (FFT's), inverse fast Fourier
transforms (IFFT's), and integration, as well as others. Programs have
been implemented in the computer that effectively compensate for the
high-frequency losses of the rf cables and delay lines that are required
to couple from the model the extremely fast rise time of the simulated
EMP.

The measurement equipment and the computer are housed in a
shielded enclosure.

3.5 Radiated Field Measurements

The rise time and the peak amplitude of the radiated field were >
measured for this test by using both a conical dipole (CD) field sensor
and a conical monopole (CM) field sensor. These techniques are the
latest efforts at this facility to increase the accuracy with which

- —

14




extremely fast data (rise time of 250 ps) are obtained. The results of
the horizontald and vertical field measurements will be published
separately, and only a synopsis of the results is presented here.

A very small monopole sensor was fabricated at HDL and
calibrated in a small transmission line. The output of the sensor is
proportional to the derivative of the input, The output waveform is
computer integrated, and the resulting waveform is stored on a magnetic
disc, The applied voltage and the plate spacing of the transmission
line being known, a calibration factor for the sensor was derived by
assuming a transverse electromagnetic (TEM) mode of propagation since E
= V/h, where E is the electric field, V is the voltage across the
plates, and h is the plate spacing. This yielded a calibration factor
of 8.3 x 1012 V/m/Vs, where Vs is the unit volts times seconds, which is
the amplitude unit of an integrated time domain waveform.

The CM sensor was placed in the center of a 12-ft (3.7-m)
square ground plane, made of brass screen and positioned 3 m from the
resistively loaded vertical radiator, Figure 4 shows the computer
integrated results of this measurement. The peak of the waveform when
multiplied by the transmission line derived calibration factor yields

(1.19 x 10711 vs)(8.3 x 1012 v/m/vs) = 98.8 V/m .

This compares reasonably well with a calculated value of 87 V/m (app
A). It is believed that the resistive loading of this vertical radiator
causes the ringing seen on the waveform. The second peak (maximum of
waveform) is caused by the first resistive load on the antenna. It can
be seen, however, that the radiated field is rising very gquickly and has
reached 80 percent of peak value in only 203 ps. For a 1/50 scale
model, this corresponds to a real rise time of 10.2 ns.

A second sensor was used to measure the horizontal field. This
unit is a CD, which in effect is just two of the monopoles back to back
and separated by a small common ground plate, This CD sensor was
exposed to the field of the horizontal radiator mentioned previously at

3andrew A. Cuneo, Jr., and James J. Loftus, Measurement of Scaled Down
High-Altitude Electromagnetic Pulse (HEMP) Waveforms, Harry Diamond
Laboratories HDL-TM-81-6) (March 1981).
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a slant range of 3.1 m. The same high-frequency cable was used to carry
the signal of both sides of the sensor to the recording instrumen-
tation. while the response of one side of the CD sensor was sampled and
stored on a magnetic disc, the other side was terminated in 50 ohms.
This procedure was then reversed, with care taken so as not to disturb
the physical positioning of the CD sensor relative to the radiaton
source or the oscilloscope trigger source. Once both outputs had been
recorded in this manner, it was a simple matter to reverse the polarity
of the waveform representing the response of one side and add it to the
other by using the computer, In this way, the common mode rejection
characteristic of a balanced output sensor was maintained. Examination
of this waveform shows a peak amplitude of 2.1 x 10711 s,

__';14

> 12

S \

S ~
¥ A A ]

T g V v v[\/ \ﬁ
S

g 2

3 1/

0 0% 1 15 2 25 3 35 4 45 5
TIME (ns)

TR (10 TO 80%) = 2.0331x 1010 ¢

Figure 4. Computer integrated output of conical
monopole field sensor (sensing vertical field).
This yields

(2.1 x 10711 ve)(4.15 x 1012 Vin/Vs) = 87 V/m
as shown in figure 5.

The CD sensor measured value of 87.0 V/m is within 8 percent of
the calculated value -of 94.0 V/m (app A).
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FILE NAME: MAY17.4

120

8

S 8
"JN
P

ELECTRIC FIELD (V/m)

0 1 2 3 4 5 6 7 8 9 10
TIME (ns)

MAX = 87.0842
TR (10 TO 80%) = 0.203 ns

Figure 5. Computer integrated output of conical
dipole sensor with sensor calibration factor
included (sensing horizontal field).

4. EXPERIMENTAL DATA

4.1 Approach

The PATRIOT air defense system is presently scheduled to be
exposed to EMP simulation at the HDL Woodbridge Research facility.
Before an adequate test plan can be written, those responsible for the
testing must decide how to deploy the PATRIOT with respect to the
simulation source. That is, they must decide what angular relationship
between the simulator and the PATR1OT represent the worst case for EMP
coupling. One purpose of this scale-model experimental effort is to
provide data that represent how the external receptors of the PATRIOT
respond to the EMP when its azimuthal angle and elevation angle are
varied. Further, data are provided to show how the system response will
change with alteration of the PATRIOT system configuration. The model
data were taken under the conditions summarized in table 1.
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: 4.1.1 System Configuration 1

For configuration 1, the 1/50 model was deployed over the
; sand of the modeling facility as shown in figure 6. The model units
‘ were interconnected by nominally 0.050-in. (0.13-cm)-diameter (No. 16)
: enamel coated wire that lay on the sand. One-foot (0.3-m) wires, which
; were 50 ft (15 m) full scale, connected the EPP to the RS and to the ECS
while a 2 ft (0.6-m) wire, which was 100 ft (30 m) full scale, was used
between the ECS and the RS. Although the PATRIOT uses a total of six
interconnecting cables, only three interconnecting wires were used in
the model. (The effect of this use is discussed in sect. 4.8.) Each of
the vehicles was grounded by an attached wire simulating a ground rod.
Current probes (Tektronix CT-1 Current Transformer) were attached at the
L : designated test points, and the center of rotation of the model was
selected.

72 DEG

TEST POINT 2

TEST
POINT 3

S RADAR

V\Sf:—_) 162 DEG

1FT

NOTES: CR = CENTER OF ROTATION
ELEVATION ANGLE = 45 DEG

252 DEG

Figure 6., Configuration 1.
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A center of rotation of the model was selected for each model
configuration. The LDP was attached to a rotating support structure
such that the antenna's bicone apex was 3 m from the center of
rotation. The LDP was then rotated about the model, the azimuth being
varied and the same slant range and angle of incidence being
maintained. In this manner, the response of each test point was
observed for 360 deg of antenna rotation. Response was measured
typically at increments of 18 deg.

System configuration 1 did not include the AMG.

4.1.2 System Configuration 2

In configuration 2, the RS was removed along with its
interconnecting wires to the ECS and the EPP (fig. 7). The current at
test point 1 near the ECS was observed for 360 deg of azimuthal vari-
ation and recorded every 18 deg.

0DEG

3 TEST POINT 1
270 DEG 90 DEG

-

180 DEG

Figure 7. Configuration 2.
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4,1.3 System Configuration 3

The azimuth angle was not varied in configuration 3, but the
effects of special conditions were observed while the LDP was held at 0O-
deg azimuth and 45-deg elevation, Configuration 3 had the system
interconnecting wire 1lengths of 2 ft each (fig. 8). In this
configuration, there is more space between the wires than in
configuration 1 so that the system looks more like a A than a Y. The
current at test point 2 (at the RS) was observed under the normal
condition (ground at the RS), with the RS ground removed, and finally
with the RS removed. The current at test point 3 (at the EPP) was
recorded with conditions normal or all grounds, wires, and vehicles
attached.

00EG
FIXED LOCATION
) OF HORIZONTAL
RADIATOR
ENGAGEMENT
CONTROL SEATDA“
STATION
. x_ﬂ?_.\i L
TEST
romrs /) TESTPOINT 1
270DkG 90 DEG
2FT 2FT
TEST POINT 3
ELECTRIC
POWER
PLANT
NOTES ELEVATION ANGLE = 46 DEG
AZIMUTH ANGLE = 0 DEG

180 OEG

Figure 8. Configuration 3.
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4.1.4 System Configuration 4

In configuration 4, the wire from the ECS to the RS was

increased in length so that the model looked more like a Y than a A
(fig. 9). With grounds at all three vehicles, the current at each of !

the three test points was observed for elevation angle
azimuth angle = 0 deq.

PRV

= 45 deg and

0DEG
* ANTENNA
ENGAGEMENT
CONTROL fapAR
STATION
f
i - TEST POINT 1
2FT
270 DEG 90 DEG
TEST POINT 3
ELECTRIC
POWER .
PLANT {

1L

NOTES: ELEVATION ANGLE =46 DEG
AZIMUTH ANGLE = 0 DEG

180 DEG

Figure 9. Configuration 4.

4.1.%5 JSystem Configuration 5

R Y > e

the wires were laid to minimize the

The currents at test points 1 to 3 were
The only ground

For configuration 5,

3pacing between them (fig. 10).
recorded in 18-deg increments for 360 deg of azimuth,

was on the EPP,
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0DEG
ENGAGEMENT
CONTROL el
STATION
TEST POINT 2 TEST POINT 1
2ETNN3FT 2FT
270 DEG 90 DEG
prsm POINT 3
ELECTRIC
POWER
PLANT :
+ iy
NOTE: ELEVATION ANGLE = 45 DEG
i
180 DEG

Figure 10. Configuration 5.

] 4.,1.6 System Configuration 6

For configuration 6, current was measured at test points 2
; and 3 for 360 deg of azimuthal change in 18-deg increments. The
difference there was that the grounds were replaced (fig. 11, p. 24) on
the ECS and the RS. These two test points can be compared with those in
configuration 5 to observe the effects of the vehicle grounds and with
those in configuration 4 to observe the effect of wire separation.

4.1.7 System Configuration 7

}‘ Configuration 7 (fig. 12) is almost identical to configur-
ation 1 with the exception of a 1-ft-long wire running away from the EPP
3 to a ground. This experiment was performed to observe the effect of
having the local/remote unit (LRU) attached to the model, All three
test points were observed at 18-deg increments for 360 deg of azimuthal
variation with the LDP at 45-deg elevation,
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0DEG
Figure 11.
ENGAGEMENT
CONTROL 23?‘“
STATION
= ==
) TEST / TEST POINT 1
POINT 2
2FT
IFT
270 DEG 90 DEG
/_TEST POINT 3
ELECTRIC
POWER
PLANT
NOTE: ELEVATION ANGLE = 46 DEG
180 DEG

0 DEG

Configuration ©.

70 DEG

Figure 12. Configuration 7.
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4.1.8 System Configuration 8

Configuration 8 was the same as configuration 7 with the
addition of the AMG. This setup was used to observe the change in
current at the ECS (fig. 13) when the angle of incidence was varied. As
noted in table 2, 288 deg was selected as the azimuthal angle for these
recordings. Elevation angles of 10, 20, 45, and 70 deg were recorded
for test points 1 and 2 on the ECS.

v

252 DEG

Figure 13. Configuration 8.

4.1.9 System Configuration 9

] The PATRIOT model was illuminated vertically in configuration
9 (fig. 14). Currents were observed on the down leads of the AMG, on
the wires coupling the AMG to the ECS, with and without the AMG
attached, and with and without the AMG grounded. Some of these
measurements were made for more than one azimuthal angle.
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~234 DEG
VERTICAL
(] wonoroLe
ANTENNA
0DEG
ANTENNA
MAST GROUP
180 DEG
awres||l|l =+
ENGAGEMENT
CONTROL
STATION
VERTICAL
MONOPOLE
ANTENNA
~14vec 0]
SECOND
POSITION
90 OEG

Figure 14. Configuration 9.

4.1.10 Measurement System Noise

Measurement system noise was observed by recording the
response of a current probe with and without a PATRIOT system wire
running through the probe while the test area was illuminated by the
LDP, Current prc.2s were physically reversed on the wires during
initial setup to assure that the observed signals would reverse. All
signals measured were significantly above the noise.

4.2 Horizontal Polarization Data

In conducting this scale-model test of the PATRIOT air defense

-~ system, more than 300 pieces of data were collected and are presently

filed on magnetic discs. Only representative data are presented in this

report for specific comparisons (see fig., 15, for example); all of the

3 actual data are not included. Detailed analyses of specific waveforms ]

can be relatively easy. One purpose of this task was to observe how the / |

PATRIOT external receptor currents change with the variation of the, '

arrival angles of the incident EMP., ‘Therefore, a means of presenting

this information was devised that graphically displays test point
amplitude versus azimuth.
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FILE NAME

FIRST THREE DIGITS: AZIMUTHAL ANGLE
DIGITS FOUR AND FIVE: ELEVATION ANGLE
DIGIT SIX: TEST POINT

DIGIT SEVEN: SYSTEM CONFIGURATION
DIGIT EIGHT: SCALE FACTOR

DIGIT NINE: POLARIZATION OF FIELD

FILE NAME: 054451.55H

2%
o A\
& 15 \
e 10
< \
X s
@ /i
5 0 7
g 5
> \
-10 AN
15
-20
O 10 20 30 40 S50 60 70 8 90 100
TIME (ns)
MAX = 0.0215391
MIN = -0.0165332
PP = 0.0380723

Figure 15. Explanation of file name and
example of data.

In section 4, all the data are presented for relative
comparison. Consequently, the units on the histograms and time domain
plots are those of the recording instrument and not units of current.

The individual data representing the response of a given test
point were recorded on magnetic (floppy) discs. In some cases, data
were stored for each 18~deg increment so that the response of the test
point was described for 360 deg of azimuth for a fixed angle of
incidence. The computer of the Electromagnetic Scale Modeling Facility
was programmed to operate on such data. Through it, the response of a
test point can be plotted in two forms, as seen in figures 16 and 17,

Figure 16 is a histogram that shows the peak to peak variation
of test point 1 as the azimuth of the model simulator was varied from 18
to 360 deg while the model was in system configuration 1. The plotted
values are in millivolts and are proportional to the actual probe peak
to peak amplitude response as recorded at th~. DPO. To convert to
current, these values must be multiplied by 4 to account for the loss of
the delay lines and also multiplied by the factor mA/S mV to account for
the current probe. Combining these two factors yields 0.8 mA/mV as a
multiplication factor to yield milliamperes of current (peak to peak).
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PEAK TO PEAK AMPLITUDE VS. AZIMUTH
70

60 —
50

40
30
20
19

ol
0 36 72 108 144 180 216 252 283 324 360

DEGREES

VOLTS (x10°3)

000451.15H4
MAX = 0.0536 V AT 342 DEG

Figure 16. Configuration 1 histogram for
test point 1: azimuth angle = 0 degq,
elevation angle = 45 deg, and polarization

= horizontal.
0
315 45
270 90
-~
225 135
SETUP: 451.15H 180

Figure 17. Configuration 1 polar plot for
test point 1: elevation angle = 45 deg and
' polarization = horizontal.
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This same factor (0.8 mA/mV) can be used to scale all the
histograms and the time domain plots in this section from millivolts to
nilliamperes.

Figure 17 uses the histogram data in a different format, In
this format, the computer has taken each of the 20 amplitudes and
normalized them to the highest value found. The results are then
plotted in a polar form that simultaneously displays how the test point
current changes with azimuthal variation of the arriving wave. In
effect, this plotting yields what may be thought of as a radiation
pattern of the test point. These patterns allow one to quickly
determine the direction from which maximum or minimum currents would be
induced at that point of the PATRIOT for the given system configuration.

This process was repeated for test points 2 and 3 and may be
viewed in figures 18 to 21. Referring to the polar plots for the three
test points (fig. 17, 19, 21), it can be seen that for test point 1,
where the wire follows a gentle curve, maximum current is at broadside
illumination as one might expect. For test points 2 and 3, where the
wire makes an approximate 90-deg bend, intuition cannot be trusted.

PEAK TO PEAK AMPLITUDE VS. AZIMUTH

30
25

VOLTS (x1079)

15
10

: 0
0 36 72 108 144 180 216 252 288 324 360

DEGREES

000452.15H
MAX = 0.0251 V AT 288 DEG

Y T T

Figure 18, Configuration 1 histogram for test
point 2: elevation angle = 45 deg and polar-
ization = horizontal.




315 45
270 90
225 135
SETUP: 452.15H 180

Figure 19. Configuration 1 polar plot for
test point 2: elevation angle = 45 deg and
polarization = horizontal,.

PEAK TO PEAK AMPLITUDE VS. AZIMUTH

VOLTS (x1073)

10

0 36 72 108 144 180 216 252 288 324 360
DEGREES

000453.15H
MAX = 0.0265 V AT 324 DEG

Figure 20. Configuration 1 histogram for
test point 3: elevation angle = 45 deg
and polarization = horizontal.
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0
35 45
;
270 90 !
225 135
SETUP: 453.15H 180

Figure 21. Configuration 1 polar plot for
test point 3: elevation angle = 45 deg and
polarization = horizontal.

Since the computer operates on stored data that are easily and
quickly retrieved, yet another graphic display was devised for
presenting the PATRIOT model's external receptor responses. In viewing
the previous polar plots of test points 1 to 3 (fig. 17, 19, 21), it is
apparent that each of them has a different azimuthal angle of maximum
response. If one were to view all three plots, it could be visualized
that the overall maximum system response occurs in the 270- to 360-deg
quadrant. To graphically display this overall response, the responses
of all three test points were added together in the computer. The
result is displayed in histogram form (fig. 22) and as a polar plot
(fig. 23), where all points are normalized to the highest value. If
these test points are considered as adequately defining the coupling to

) the system, then 324 deg would represent the azimuthal angle of maximum
“ coupling.

The PATRIOT model was tested in this manner in two other
confiqurations. In system configurations 5 and 7, the responses of
three test points were observed for 360 deg of simulator azimuthal
variation. Figures 24 and 25 show the plan view of configurations 5 and
7, respectively. Figures 26 to 28 show the histograms of the peak to
peak amplitudes of the currents for test points 1 to 3 for configuration-
5, and figures 29 to 31 show the normalized polar plots. Figures 32 to
34 are the histograms and figures 35 to 37 are the polar plots for
configuration 7.
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PEAK TO PEAK AMPLITUDE VS. AZIMUTH

120

g

80

VOLTS (x1073)

20

0 36 72 108 144 180 216 252 288 324
DEGREES
MAX = 0.0957 V AT 324 DEG
Figure 22. Superposition of configuration

test points 1, 2, and 3 in histogram form:
elevation angle = 45 deg and polarization

horizontal.
0
315 45
270 90
225 135
180

Figure 23. Superposition of
configuration test points 1, 2, and
3 in polar form: elevation angle =
45 deg and polarization =
horizontal.
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Configuration 5:

Figure 24.
plan view.

90 DEG

270 DEG
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Figure 25. configuration 7:

plan view.

180 DEG
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PEAK TO PEAK AMPLITUDE VS. AZIMUTH

50

VOLTS (x10°3)

0 L.
0 36 72 108 144 180 216 252 288 324 360
DEGREES ‘

000451.55H
MAX = 0.049 V AT 90 DEG

Figure 26. Configuration 5 histogram for
test point 1: elevation angle = 45 deg and
polarization = horizontal.

PEAK TO PEAK AMPLITUDE VS. AZIMUTH

35
30
25
20
15
10

VOLTS (x1073)

0
0 36 72 108 144 180 216 252 288 324 360

DEGREES

000452.55H
MAX = 0.0295 V AT 0 DEG

Figure 27. Configuration 5 histogram for
test point 2: elevation angle = 45 deg and
polarization = horizontal.
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PEAK TO PEAK AMPLITUDE VS. AZIMUTH

70
60
50
40
30
20
10

oL 1R
0 36 72 108 144 180 216 252 288 324 360

DEGREES

VOLTS (x1073)

000453.55H
MAX = 0.052 V AT 126 DEG

Figure 28. Configuration 5 histogram for
test point 3: elevation angle = 45 deg and
polarization = horizontal.

0
315 45
270 90
225 135
SETUP: 451.55H 180

Figure 29. Configuration 5 polar plot for
test point 1: elevation angle = 45 deg and
polarization = horizontal.
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315

270

225

SETUP: 452.55H

180

Figure 30. Contiguration 5 polar plot for

test point 2:

elevation angle = 45 deg and

polarization = horizontal.
0
315 45
270 90
225 135
SETUP: 453.55H 180

Figure 31. Configuration 5 polar plot for

test point 3:

polarization =

elevation angle = 45 deg and
horizontal.
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PEAK TO PEAK AMPLITUDE VS. A2ZIMUTH

45
40
35
30
25
20
15
10

5

VOLTS (x1073)

0 36 72 108 144 180 216 252 288 324 360
DEGREES

000451.75H
MAX = 0.0386 V AT 0 DEG

Figure 32. Configuration 7 histogram for
test point 1: elevation angle = 45 deg and
polarization = horizontal.

PEAK TO PEAK AMPLITUDE VS. AZIMUTH

25

20
15

10

VOLTS (x1073}

0 36 72 108 144 180 216 252 288 324 360
DEGREES

000452.75H
MAX = 0.0242 V AT 72 DEG

Figure 33. Contiguration 7 histogram for
test point 2: elevation angle = 45 deg and 1
polarization = horizontal.
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PEAK TO PEAK AMPLITUDE VS. AZIMUTH

35
30
25
20 F—
15
10

VOLTS (71073)

Ll |

0 36 72 108 144 180 216 252 288 324 360

DEGREES

000453.75H
MAX = 0.0274 V AT 306 DEG

Figure 34. Configuration 7 histogram for
test point 3: elevation angle = 45 deg and
polarization = horizontal.

0
315 45
270 20
225 U 135
SETUP: 451.75H 180

Figure 35. Configuration 7 polar plot for
test point 1: elevation angle = 45 deg and
polarization = horizontal.
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318 45
270 90
225 - 135
SETUP: 452.75H 180

Figure 36. Configuration 7 polar plot for
test point 2: elevation angle = 45 deg and
polarization = horizontal.

0
315 45
270 90
225 135
SETUP: 453.75H - 180

Figure 37. Configuration 7 polar plot for
test point 3: elevation angle = 45 deg and
polarization = horizontal,
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Table 2 shows the results of the variation of angle of
elevation on test points 1 and 2 (configuration 8). The effect of the
AMG and AMG to ECS wire was not observed to strongly influence the
coupling to the remainder of the system for this azimuthal angle.
Section 4.6 examines a case where the AMG to ECS wire current does
couple strongly to the ECS to EPP wire.

TABLE 2. RESULTS OF SYSTEM CONFIGURATION 8
EXPERIMENT (AZIMUTH ANGLE = 288 DEG)

Amplitude
Test Point Incidence angle peak to peak

(deg) (mV)

1 10 21
20 26

45 27+

70 58

2 10 16
20 23

45 32

70 48

*Configuration l: 32 mv.

4,3 Effects of Number of PATRIOT Vehicles

The PATRIOT model configuration 2 (fig. 38) was obtained from
configuration 1 by the removal of the model RS and its coupling wires.
The current measured in this configuration shows little difference in
amplitude (fig. 39) and azimuthal distribution (fig. 40, p. 42) from
those of the corresponding test point for configuration 1 (fig. 16,
17). This similarity indicates that, rather than responding to the
vehicular loop, each test point in the model responds approximately as
an isolated single wire loaded at its terminations essentially by the
capacitive coupling of the vehicles to ground.

4.4 Effects of Vehicle Grounds

A possible field deployment of the PATRIOT would be with only
one of the FCS vehicles grounded. The data from model configuration 5
(fig. 24) shows the current versus azimuth on the RS to ECS wire (fig.
27, 30) and on the EPP to RS wire (fig., 28, 31) when there were no
grounds on either the ECS or the RS. Model configuration 6 data were
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collected for these wires with the grounds in place on the ECS and the
RS. The RS to ECS wire responses are figure 41 (histogram) and figure
42 (polar plot), and figures 43 and 44 represent the EPP to RS
responses. Although there are some differences with and without
grounds, they are not dramatic.

72 DEG

Figure 38. Configuration 2,
showing center of rotation.

342 DEG

162 DEG 3
!

CENTER OF
ROTATION

252 DEG

PEAK TO PEAK AMPLITUDE VS. AZIMUTH

80
70
. )
Figure 39. Configuration 2 é 50
histogram for test point 1l: x
elevation angle = 45 deg 44 40
and polarization = 6 30
horizontal. > 20
10
0 36 72 108 144 180 216 252 288 324 360
DEGREES
000451.25H
MAX = 0.0647 v AT 0 DEG
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4
. .
315 a5
270 90
225 135
SETUP: 451.25H 180

Figure 40. Configuration z polar plot for
test point 1: elevation angle 45 deg and
polarization = horizontal.

PEAK TO PEAK AMPLITUDE VS. AZIMUTH
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Figure 41. Configuration 6é histogram for -

test point 2: elevation angle = 45 deg and .
polarization = horizontal, s
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Figure 42, Configuration 6 polar plot for
test point 2: elevation angle = 45 deg and
polarization = horizontal.

PEAK TO PEAK AMPLITUDE VS. AZIMUTH
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0
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0 36 72 108 144 180 216 252 288 324 360
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000453.65H
MAX = 0.0431 V AT 90 DEG

Figure 43, Configuration 6 histogram for

test point 3: elevation angle = 45 deg and
polarization = horizontal.
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270 90

225 135

SETUP: 453.65H 180

Figure 44. Configuration 6 polar plot for
test point 3: elevation angle = 45 deg and
polarization = horizontal.

4.5 Effects of Cable Routing

The currents induced in the external receptors of the PATRIOT
change with the routing of receptors. The proximity of the receptors
was intentionally changed to observe these effects (fig. 9, 11). The
currents in tightly coupled configuration 6 (fig. 45) were observed to
be one-third less than in loosely coupled configuraton 4 (fig. 46, p.
46). Cable configurations are compared in tables 3 and 4 (p. 47). A
tight Y configuration (6) seems to couple more to the incident field
than a loose Y configuration (1) with shorter sides.

4.6 Coupling to ECS to EPP Cable with and without AMG and AMG to
ECS Cable

The purpose of another experiment was to determine the degree
to which the AMG and AMG to ECS cable influences the coupling to the ECS
to EPP cable. Shown in figure 47 are the configurations excited. The
time domain waveforms at the test point are presented in figures 48 to
50. We see that the presence of the AMG and AMG to ECS wire definitely
changes the waveform at the test point. In figure 50, the vertical mast
was removed from the AMG to verify that indeed the coupling was to the
horizontal AMG to ECS wire and not due to some spurious vertical field
coupling to the mast.
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Figure 45, Effects of wire routing for
configuration 6: elevation angle = 45 deg
and polarization = horizontal: (a) test
point 2 and (b) test point 3.
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and polarization = horizontal:
point 2 and (b) test point 3.
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TABLE 3. CONFIGURATION 3 AND 4 RESPONSES

Amplitude
System Configuration | Wire spacing Test peak to peak

shape point (mV)
3 ~A 1 1
2 78
3 40

4 Loose Y 1 9.5*
i 2 46
3 38

*No baseline.

TABLE 4. CONFIGURATION 1 AND 6 RESPONSES

| System Wire spacing Test Max amplitude Figure %
. configuration shape point peak to peak |
(mV) i

1 Loose Y 1 54 16

2 25 18

3 26 20

; . 6 Tight Y 2 3s 41
: 3 43 43 1

ta) tel

) = TEST POINT =
| 3 ~
i ELEVATION ANGLE = 46 DEG ELEVATION ANGLE = 46 DEG

)

cwele

Figure 47, Effect of antenna mast
group (AMG) to engagement control
station (ECS) wire on current on
ECS to electric power plant
(EPP) wire.

(WITH MAST}

I

X ELEVATION ANGLE ~ 48 DEG

47

TR RN S Seem et o e e e il




FILE NAME: 045451.15H

30 .
]
25
20
G 15
e
> 10
2 s
-t
S op—g J \/\/MJ ™ =4 AN
. % /
-10
-15
0 10 20 30 40 50 60 70 80 90 100
TIME {ns)
3 VEHICLES EACH GROUNDED
MAX = 00264
MIN = -0.0128
PP = 00393

Figure 48. Test with antenna mast group to engagement
control station wire for test point 1, three vehicles
each grounded: azimuth angle = 45 deg and elevation
angle = 45 deg (see fig. 47a).
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Figure 49. Test with antenna mast group (AMG) to engagement control
station wire for test point 1, four vehicles each grounded and AMG
attached: azimuth angle = 45 deg and elevation angle = 45 (see fig.
47b) (file name does not reflect correct configuration),
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Figure 50. Test with antenna mast group (AMG) to engagement
control station cable for test point 1, four vehicles all
grounded and mast removed from AMG: azimuth angle = 45 deg
and elevation angle = 45 deqg (see fig. 47c) (file name
does not reflect correct configuration).

Figures 48 and 49 are superimposed and replotted in figure 51
for ease of comparison. Figure 52 shows the superimposed FFT's of the
waveforms shown in figure 51, There is a dramatic difference as seen in
the FFT's., The addition of the AMG and AMG to ECS wire introduces
considerable low-frequency energy below about 60 MHz in the model. This
would be 60 MHz/50 or 1.2 MHz in the full-scale system (see p. 50 for
fig. 51, 52).

Appendix B describes an experiment to determine the effect of
removing the ECS on the current measured on the wire from the ECS to the
EPP.

4.7 Angle of Incidence vVariation

The current at the test point of the configurations shown in
figure 53 was determined as a function of the angle of elevation
measured with respect to the ground. The angles were 10, 45, and 90
deg. We compare waveforms for the two configurations in figures 54 to
56. The coupling increases with angle. In figure 57, the FFT's are
compared for the loop configuration at 10 and 90 degq.
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Figure 51. Waveforms of figures 48 and 49
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Figure 53. Configurations: (a) loop versus
(b) two vehicles.
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Figure 54. Loop versus two vehicles: 10-deg 1
elevation angle.
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Figure 55. Loop versus two vehicles: 45-deg
elevation angle.
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Figure 56. Loop versus two vehicles: 90-deg
elevation angle.
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Figure 57. Comparison of loop fast Fourier
transforms for 90- and 10-deg angles of
elevation.

4.8 Current Sharing on parallel Conductors Illuminated by
Electromagnetic Wave

When parallel conductors lying on the g.ound are illuminated by
an electromagnetic wave, the current induced on any one of the
conductors is a function of the separation of the conductors. It was
anticipated that the current induced on any given conductor would be a
maximum when the separation distance between the conductors was large
enough to effectively decouple them. To investigate this current
sharing . phenomenon, two vehicles with grounds were connected with one to
three wires at 1-in. (2.54-cm) and 1/8-in. (0.32-cm) separations,

First the current in a single wire was recorded; then another
wire was brought up close, and the current was measured again. Next
another wire was brought up, totaling three wires, with the monitored
wire (carrying the current) in the center. The current was measured
both in the center and at the end (near the vehicle). The current at
the end was 64 percent of that at the center for the three-wire cases,
65 percent of the end current for the two-wire case, and 79 percent of
the end current for the one-wire case.
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The results of the current sharing experiment are shown in
table 5. The current on the wire monitored decreased as the number of
wires was increased and the separation between wires was reduced.

TABLE 5. CURRENT SHARING EXPERIMENTAL DATA

Placement of current probe
Normalization to one-wire case

(amplitude peak to peak) In center
Near vehicle,
Wire separation | Wire separation wire geparation
1 4in, 1/8 in. 1 in.
Current {(two wires)/current {one wire) 0.66 0.56 0.54
Current (three wires)/current (one wire) 0.42 0.29 0.30

4.9 Vertical Polarization Data

The response of the PATRIOT model to a vertical illumination
was observed by using model configuration 9 (fig. 14). Data were
collected from three test points by using two source azimuths and three
configurations. These configurations were with the AMG attached and all
four vehicles grounded, with the AMG attached and it alone not grounded,
and with no AMG or associated wires present with the three vehicles
grounded. The data are presented in figures 58 to 76, and the peak to
peak values are listed in table 6 (p. 64).

As one might expect, the attachment of the AMG increases the
current at the ECS, the most closely coupled vehicle. In general, the
addition of the AMG causes the current at the radar set to remain the
same or to go down, while the power plant current is essentially
unaffected. Clearly, grounding the AMG reduces the currents induced in
the model by a vertical field.

It is interesting to observe that there is strong vertical
coupling to the system even without a dominant vertical member like the
AMG mast.

4.10 Comparison of Horizontal and Vertical Data

The PATRIOT model was illuminated by using both horizontal and
vertical pulse radiators. Since the field strengths from both of these
sources were within 15 percent (99 V/m vertically and 87 .V/m
horizontally), it is possible to directly compare the response of a test
point to both sources with small error. Figure 76 shows the current

54




recorded at the ECS for both vertical (a) and horizontal (b)
illumination. The model was in the same configuration for both of these
waveforms (no AMG was present in either illumination). The waveforms of
these currents differ only somewhat. The peak to peak amplitude of the
horizontal response 1is approximately twice that of the vertical
response. Appendix C compares the response of a wire above the ground
to a horizontally and vertically polarized incident field.
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Figure 58. Contiguration 9 vertical polarization experiment, test
point 1, three vehicles, no antenna mast group: azimuth angle =
234 deg (file name does not reflect correct configuration}.
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Figure 59. Configuration 9 vertical polarization experiment, test
point 1, antenna mast group attached but not grounded: azimuth
angle = 234 deg (file name does not reflect correct configuration),
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Figure 60. Contiguration 9 vertical polarization experiment, test
point 1, antenna mast group attached and grounded: azimuth angle =
234 deg (file name does not reflect correct configuration).
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Figure 61, Configuration 9 vertical polarization experiment, test
point 2, three vehicles, no antenna mast group: azimuth angle = 234
deg (file name does not reflect correct configuration).
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Figure 62. Configuration 9 vertical polarization experiment, test
point 2, antenna mast group attached but not grounded: azimuth
angle = 234 deg (file name does not reflect correction
configuration).
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Figure 63. Configuration 9 vertical polarization experiment, test

point 2, antenna mast group attached and grounded:

azimuth angle

234 deg (file name does not reflect correct configuration).
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Figure 64. Configuration 9 vertical polarization experiment, test .
point 3, three vehicles, no antenna mast group: azimuth angle = 234
deg (file name does not reflect correct configuration).
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Figure 65. Configuration 9 vertical polarization experiment, test
point 3, antenna mast group attached but not grounded: azimuth
angle = 234 deg (tfile name does not reflect correct contiguration).
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Figure 66. Configuration 9 vertical polarization experiment, test
point 3, antenna mast group attached and grounded: azimuth angle =
234 deg (file name does not reflect correct configuration).
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Figure 67. Configuration 9 vertical polarization experiment, test
point 1, three vehicles grounded, no antenna mast group: azimuth
angle = 144 deg (file name does not retlect correct configuration).
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Figure 68. Configuration 9 vertical polarization experiment, test
point 1, antenna mast group in place but not grounded: azimuth
angle = 144 deg (file name does not reflect correct configuration).
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Figure 69. Configuration 9 vertical polarization experiment, test ;

point 1, antenna mast group in place and grounded:

azimuth angle

144 deq (file name does not reflect correct configuration).
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Figure 70, Configuration 9 vertical polarization experiment, test
point 2, three vehicles each grounded, no antenna mast group:

azimuth angle
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Figure 71. Configuration 9 vertical polarization experiment, test
point 2, antenna mast group in place but not grounded: azimuth
angle = 144 deg (file name does not reflect correct configuration).
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Figure 72. Configuration 9 vertical polarization experiment, test

point 2, antenna mast group in place and grounded:
144 deg (file name does not reflect correct configuration).
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Figure 73. Configuration 9 vertical polarization experiment, test
point 3, three vehicles each grounded, no antenna mast group:
azimuth angle = 144 deg (file name does not reflect correct
configuration).
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Figure 74. Configuration 9 vertical polarization experiment, test
point 3, antenna mast group in place but not grounded: azimuth
angle = 144 deg (file name does not reflect correct configuration).

63




FILE NAME: 144003.35V

o N & o
L~

§ = N \ ox —
2 ¥ NV |
x -2 -~
2 .
2
> -6
-8
-10
-12
0 10 20 30 40 50 60 70 80 90 100
TIME (ns)
MAX = 4.8132x 103
MIN = -0.0104
P/P = 0.0153
Figure 75. Configuration 9 vertical polarization experiment, test

point 3, antenna mast group in place and grounded: azimuth angle =
144 deg (file name does not reflect correct configuration).

TABLE 6. RESPONSE OF PATRIOT MODEL TO VERTICAL ILLUMINATION
Amplitude peak to peak (mV)
Test Azimuthal
point angle (deg) No antenna AMG in place AMG
mast group but not grounded
{AMG) grounded
1: Engagement 234 6.0 27.0 19.0 4
- control station 144 12.0 3a.5 5.5
2: Radar set 234 24.0 21.5 17.0
1 144 19.5 20.0 14.0
3: Electric 234 10.0 10.0 8.5
1 power plant 144 14.5 16.5 15.5
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Figure 76. Configuration 9 test point 1, azimuth angle = 234 deg:
(a) vertical polarization experiment and (b) horizontal
polarization experiment,elevation angle = 45 deg (file names do
not reflect correct configuration).
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5. SCALING UP DATA BY USING SCALING LAWS WITH ASSOCIATED PROBLEMS

S.1 General Considerations

According to the modeling thecry (sect. 3), to transform the
model data to the real world, the time scale in all model waveform time
domain plots must be multiplied by the factor p = 50. In all model
frequency domain plots, the frequency scale must be divided by the
factor p = 50.

As pointed out in section 4.2, the model histograms and time
domain plots can be converted to milliamperes by multiplying the
amplitude by the factor 0.8 mA/mV, The model current amplitude is
scaled to the real world current amplitude by using the formula

I =

mm

’ (P)I' = QPI' ’

where

I = current amplitude in real world,

E = incident electric field in real world,
E' = incident electric field in model world,

p = 50,
current amplitude in model,
a = scale factor for electric field intentsity.

—
1]

The derivation of the above equation assumes that the following
relationships (sect. 3.1) are established for all the media being
modeled:

TR T
e' = g,
¢' = po.
In practice, one can assume that u' = y, unless magnetic materials are

used., The problem then is to properly scale the permittivity and the
conductivity.

5.2 Scaling Permittivity and Conductivity

To investigate the problems associated with scaling model
results up to real world expectations, an experiment was conducted in
front of the Repetitive Electromagnetic Pulse Simulator (REPS), a
horizontally polarized simulator, at the HDL Woodbridge, VA, Research
Facility and a scale model version of the same experiment was conducted
at the scale modeling facility. The experiment is detailed in section
5.3.
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The dielectric constant (relative permittivity) and the
conductivity of the REPS soil and the model soil were measured for HDL
by the National Bureau of Standards, Boulder, CO. The results of these
measurements are given in tables 7 to 9. Table 10 allows direct
comparisons of actual model parameter values to ideally scaled REPS
values for real world frequencies 1 and 50 MHz (assuming a scale factor
of p = 50).

TABLE 7. DIELECTRIC CONSTANT AND CONDUCTIVITY OF REPS SOIL

(SURFACE)
Received
Frequency moisture Dielectric Conductivity o/ we*
(MHZ) content (%) constant (mmho/cm)

0.50 7.39 15.9 0.0065 1.47

0.75 7.39 13.3 0.0079 1.42

1.00 7.39 12.4 0.0090 1.31
50.0 7.39 6.15 0.0420 0.246
100.0 7.39 5.77 0.0542 0.169
150.0 7.39 5.55 0.0632 0,137

*g = conductivity.
w = radian frequency.
€ = permittivity.

TABLE 8. DIELECTRIC CONSTANT AND CONDUCTIVITY OF REPS
SOIL (6~IN. DEPTH)

Received
Frequency moisture Dielectric Conductivity o/ we*
(MHz ) content (%) constant (mmho/cm)
0.50 5.19 18.5 0.0066 1.28
0.75 5,19 15.7 0.0079 1.21
1.00 5.19 13.8 0.0091 1.19
50.0 5.19 5.68 0.0499 0.316
100.0 5.19 5.20 0.0668 0.231
150.0 5.19 4.95 0.0800 0.194

*g = conductivity.
w = radian frequency.
€ = permittivity.
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TABLE 9. DIELECTRIC CONSTANT AND CONDUCTIVITY OF MODEL SOIL
{RANGE OF VALUES OBTAINED FROM THREE SAMPLES)

Received
Frequency moisture Dielectric Conductivity a/we*

{MHz) content constant (mwho/cs)

()

50.0 1 to 2 4.31 to 5.56 0.228 to 0.422 3.50 to 1.48

300.0 1 to 2 3.08 to 4.18 0.255 to 0.550 1.10 to 0.366
600,0 1 to 2 2.83 to 3.80 0.299 to 0.653 0.690 to 0.236
1200.0 1 to 2 2.67 to 3.58 0.390 to 0.847 0.467 to 0.219
2500,0 1 to 2 2.52 to 3.3 0.491 to 0.981 0,280 to 0.107
4000.0 1 to 2 2.51 to 3.24 0.576 to 1.5 0.270 to 0.080

*¢g = conductivity.
w = radian frequency.
€ = permittivity.

TABLE 10. ACTUAL MODEL PARAMETER VALUES AND SCALED REPS VALUES

Real world Model Dielectric Actual modelt Conductivity Actual modelt
frequency frequency constant scaled dielectric acaled from conductivity
{Muz) {(MHz) from REPS values® constant REPS values® (mmho/cm)
(mmho/cm)
3 1.0 50.0 12.4 to 13.8 4.31 to 5.56 0.450 to 0.455 0.228 to 0.422
50.0 2500.0 5.68 to 6.15 2.52 to 3.3 2.10 to 2.50 0.491 to 0.981

*Depth range ~0 to 6 in.
tDepth range ~0 to 2 in,

5.3 Coupling to Cable on and Above Ground in Real World and Model K

A 61-m cable (RG 218) was laid in front of and parallel to the
REPS at a ground range of 100 m. 1Its height aboveground was varied from
0 to 1,83 m. The external current in the center of the cable was
monitored. The same experiment was performed at the scale modeling
facility with the appropriate 1/50 scaling of wire length, range, height
aboveground of the wire, and height aboveground of the antenna. The
cable, which has a braided outer conductor, was modeled by a solid
enamel coated wire. Actually, three wire gauges (No. 16, 26, and 36)
. were used for compari:c n. The results of the experiment are shown in
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table 11, where the model data have been scaled up for comparison with
the REPS data by using the formula in section 5.1. The REPS and model
waveforms can be compared in fiqures 77 to 79. The peak amplitudes have
been set equal.

TABLE 11. PEAK T0 PEAK CURRFNT ON WIRE IN MODEL AND IN FRONT OF REPS

Current peak to peak (A)
Conductor Conductor
Experiment Conductor 0.91m (.82c®) | 1.83m (3.64 c)
on ground aboveground aboveground
REPS 7.0 5.0 6.5
Model
: ‘ No, 16 wire 36.5 22.7 24.23
No, 26 wire 28.7 19.4 20.5
No, 36 wire 16.6 15.5 15.5

VOLTS (x1073)

»

|
S W N
_.._JEE

15 2 - 25 3 35 4 45 5
TIME (us)

WAVEFORM A 4 FT WIRE AWG 36 1-7/16 IN., FILE NAME: JUNE21.14
WAVEFORM B (TRIANGLES), FILE NAME: JUNE21.14D

Ay

Figure 77. Wire aboveground: waveform A = model data and
waveform B = field duta.
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VOLTS (x1073)

-

h N7

-4

0 05 1 15 2 25 3 35 4 45

TIME (us)

WAVEFORM A, FILE NAME: JUNE21.19D

WAVEFORM B 4 FT WIRE AWG 26 (TRIANGLES), FILE NAME: JUNE21.11

FILE NAME: MQ7/1.C10

Figure 78, Wire on ground: waveform A = field data and waveftorm B
model data.

25

20

15

10 \
5

RELATIVE SCALE

° i

[ 05 1 15 2 25 3 35 4 45
TIME (us)

Figure 79. Horizontally polarized model incident
magnetic field measurement (time has been scaled
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As the outer diameter of the model wire becomes smaller (No. 16
wire is largest and No. 36 wire is smallest), the agreement with the
REPS experiment improves. This improvement encourages ohe to want to
justify using as small a wire as necessary, if practical to achieve
agreement. Ideally, to empirically determine what size of wire is
required, using the experimental current data, one must address the
whole problem and either exactly model the ground parameters
permittivity (e) and conductivity (o) or account for how errors in the
model ground parameters propagate to cause an error in the current in a
wire of arbitrary diameter. This is a formidable problem as the wire
approaches the ground. A very accurate mathematical model is needed
that describes the interaction of the total field near a boundary,
having a complex permittivity, with a conductor on or near 1its
surface., The existing computer code used in HDL 1is not equipped to
relate wvariations in the complex permittivity to variations in the
conductor current.

Consequently, the task of modeling the coupling to a cable near
the ground breaks down into two specific and distinct areas: reducing
errors associated with modeling the ground and reducing errors
associated with modeling the cable. Unfortunately, when viewed from the
point of view of analyzing experimental data (current on the wire in the
model), the effects of these two types of errors cannot be separated.

Below we outline some theoretical considerations associated
with coupling to a wire connecting two vehicles in the model.

Assume that the real world cable can be considered as a thin

walled tubular outer conductor with a center conductor inside. If, for
example, the ratio of wall thickness (d) to skin depth (§) is 0.5, then"

and

= 0025
Rne

where the surface impedance (Zt“be) per square is

ztebe _ ¢ july

“Simon Ramo, John Whinnery, and Theo. Van Duzer, Fields and Waves in

Communications Electronics, John Wiley & Sons, Inc., New York (1965),
302.

71




and

b o]
i

resistance per unit length,

Rpg = Rs/2nro = high frequency resistance per unit length,
Ry = surface resistivity,
r, = radius to outer surface,
w = radian frequency,
L; = internal inductance per unit length,

Therefore, we have

tube

N
i

2Rhf + j(0.25)Rhf

1 2R ~ (0.25)R

2nr

R (0.125)Rs

= +j
eff 2 g s

Thus, we <can think of the tube as being replaced with a solid
cylindrical conductor of surface resistivity R, having a radius equal

to roggs where Lofs is the effective radius of the tube, which is much
greater than skin depth,

r

z’ ——2
eff = 2 *

We can write in general, for d/§ < 0.5, since the inductive part of the
surface impedance is small compared with the resistive part,

E tube s

CLLINY

where r g is some fraction of the physical radius. We have assumed
here that the external inductance of the conductor is small and have not

o N
BTSN S TP

. considered it; of course, this is not true in general. Now let us
transform this formula to the domain of the model. The scaling formulas
used are §
72 j
]
S v—"———ca b, Maﬁ... l." .




o' = P20 ’

L}

L L/p3 .

where the primed macroscopic quantities refer to the model and the
unprimed quantities reter to the full-scale system and

f = frequency,

¢ = conductivity,

2 = physical length,
p = scale factor.

The wire that models the thin walled tubular outer conductor has an
impedance per unit length

Rl

tube! S

= 5
2ME gt

P20

2nreff

P3
<Pz)1/2 ( R,
= —— p3 [P — .
P2 21lretf

If we view two model vehicles such as the ECS and the RS, connected
together by a wire as a circuit (wavelength very long compared with
physical length), where the inductance and the resistance are associated
with the wire and the capacitance to ground is associated with the
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vehicles, then at resonance the impedancg ub.:g'gesist:amce) of the model
circuit wire is given by the expression 2 £2'« The current in the !
circuit is given by 1

V'
= tube' ! “
2 £+ 2 5
i
where v' 1is an equivalent source due to the incident and scattered ;
field components at the wire, Z' is the impedance due to ground losses
in themx)nogel, and 4' is the wire length, Substituting the expression
for zt9Pe’ ang eliminating the primes from the right-hand side of the
equation (except for 2') yield
-
ap3
I' =
(2)" 2 (m_a/p3\ 2'%
P2 P3a\oor——]* P3
2ﬂreff
- v
®; <ﬂ> v st Lz
P2 Z“reff P3 i

Using the following values for the scaling parameters appropriate for
the PATRIOT effort, p, = Py = 50 and Py = 1, we obtain

v
' =
' Rsz 2'2 ' 1
50a| V50 ——— + —
27 50
eff

where a is the scale factor for electrical intensity as stated in
section 3.1,

- The following expression for Z' has been given by Kohlbetg6 for
the case where the height of the conductor aboveground to the skin depth
in the ground is very large:

5K, Lee, Two Parallel Terminated Conductors in External Fields, IEEE
s Trans. Electromag. Compat., EMC-20 (May 1978).
61, Kohlberg, A Theoretical Study of the TEMPS Simulator, XRI Corp.
1 . Contract with Harry Diamond Laboratories DAAG39-76-C-0166 (July 1977).
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z!
in

= 2w’ '

where
Z‘in = intrinsic impedance of model earth,
h' = height aboveground of wire in model (h' = h/S0 for
present case).
Assuming that ideal scaling exists, that is, p1 =p, = p3 = 50,
then

I = Y :
L]
. Rsk . 4 in(l/SO)
2ﬂreff 2n(h/50)
v

= R_L zr &
50a +
21lreff 2nh

If the conductivity and the dielectric constant of the model are scaled
properly, then 2'; = Z;,, where Z, is the intrinsic impedance of the
real world ground, yielding

v

= [ R* Z, 2 d
50a +
\?nreff 2nh

hence,
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6. CONCLUSIONS

a. Maximum coupling to a reasonably straight cable between two
vehicles is broadside in the azimuthal plane for Thorizontal
polarization.

b. Coupling to the straight cable increases as the angle of
elevation (measured with respect to the ground) increases, Maximum
coupling occurs when the source is overhead.

c. A review of the data shows that the currents excited by
vertically as well as horizontally polarized fields can be significant
and should be considered 1in analyzing the coupling to the PATRIOT
system,

d. Grounding the AMG is probably a good idea for EMP protection.
However, grounding the other vehicles is probably not critical for EMP
protection.

e. There is evidence that, for a loose Y configuration (1), the
individual legs of the system behave approximately as though the other
legs were absent.,

f. The model system seems to be responding as a circuit (resonant
wavelength much greater than physical length} with the capacitance
provided by the interaction of the vehicles with ground and the
inductance and the resistance provided by the wire.

g. The A configuration probably will couple larger currents to the
system than the Y configuration.

h. A tight Y configuration (6) seems to couple more to the incident
field than a loose Y configuration (1) with shorter sides.
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(1)

(2)

(3)

(4)

(5)

(6)
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APPENDIX A,--CALCULATION OF FIELDS FROM VERTICALJ.Y AND HORIZONTALLY
POLARIZED RADIATORS FOR PATRIOT SYSTEM ILLUMINATION
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APPENDIX A

To act as a vertical radiator for the PATRIOT system, a resistively
tapered vertical wire was connected directly to ~ General Radio
connector mounted on an aluminum ground plane 6 x 6 rc¢ (1.8 x 1.8 m).
This wire was driven by the same pulse generator as used for the
horizontally polarized dipole. A time domain reflectometry measurement
of the vertical wire yielded a reflection coefficient (T) of 0.74 when
the reflection was considered only trom the teed point to the second
resistor. The antenna impedance is calculated to be

1 + 7T
= 2
ZK o1 -T7T

(1 + 0,74)

=509 "%.79)

335 ohms

The voltage driving the feed point of the tapered vertical antenna
is computed to be

<
1§

[} vj.nc(1 + 0

840(1.74)

t

1462 V

"

At a range of 3 m, the radiated vertically polarized electric field is
calculated by the following formula:

inc 60Vo
E kK rz.
P X
-
where
%
Vo, = driving voltage, i
r = radial distance, :
Zy = antenna 1mpedance .
1
!
X
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APPENDIX A
so that

gine _ (60)(1462)
Pk~ (3)(335)

87 V/m .

The peak horizontally polarized electric field generated for this
experiment was calculated by measuring the incident and reflected
voltages associated with the model radiator. From this information, one
computes the voltage driving the bicone. Using the above formula, one
calculates the peak radiated electric field,

Einc - (60)(1461 V)
Pk (3.1 m)(300 ohms)

94 V/m .




APPENDIX B.--EXPERIMENT OF PATRIOT SYSTEM TO STUDY COUPLING TO
COLLINEARLY ARRANGED ENGAGEMENT CONTROL STATION,
ANTENNA MAST GROUP, AND ELECTRIC POWER PLANT
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APPENDIX B

The purpose of this experiment on the PATRIOT system was to
determine the effect of removing the engagement control station (ECS) on
the current measured on the wire from the ECS to the electric power
plant (EPP) near the location of the ECS. The configurations ot the
models and the radiator are shown in figure B-1, Figures B-2 and B-3
show the time domain waveforms for the configurations with and without

the ECS, respectively. Figure B-4 compares the fast Fourier transforms
of the two configurations.,

The conclusion drawn here is that there is no significant difterence

between the two configurations. This conclusion renders the three
collinearly arranged vehicle layout tractable for calculating cable
current.
|
|
(b)
ol 4FT

2FT SO 2F7 [ cT |
[ ] ] [era 1 ANTENNA ELECTRIC

MAST POWER
ANTENNA ENGAGEMENT ELECTRIC GROUP Im
MAST CONTROL POWER

|
GROUP 3m | sTaTION PLANT L ELEVATION

= ANGLE =
= ELEVATION = 45 DEG
ANGLE =

45 DEG l LOADED DIPOLE
ANTENNA
LOADED DIPOLE
ANTENNA

PLANT

sl
L

1l
T

Figure B-1. Coupling to collinearly arranged engagement control
station (ECS), antenna mast group, and power plant (a) with ECS
and (b) without ECS.
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APPENDIX B
FILE NAME: HUEY.1
80
60 [1\
40
& 20
2 S——
2 -20 o
3 /
S -a0 ]
-60 l
-80
-100
0 10 20 30 40 S0 60 70 8 90 100
TIME (ns)
TR = 3.683 ns
MAX = 0.0684
MIN = 0.0908
PIP = 0.1592

Figure B~2, Response of wire with engagement control station

present,
FILE NAME: HUEY.S
100
80 \
60 \
& 4
o 1\
~ 20
N -
-l
g -20 I \!<J£
» /
-60
-80
0 10 20 30 40 50 60 70 80 90 100
TIME (ns)
TR =3.029ns
MAX = 0.0807
MIN = 0.0696
P/P = 01503

Figure B-3. Response of wire with engagement control station

removed.
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1.2

1.0

s)

08

0.6

04

AMPLITUDE (V -

0.2

0 52 104 156 208 260 312 364 416 468 520
FREQUENCY (MHz)

FFT AMAX(A) IS AT 5 X 107 Hz, FILE NAME: HUEY.1
FFT B MAX(B) IS AT 5 X 107 Hz, FILE NAME: HUEY.S

Figure B-4. Fast Fourier transforms of cable response with and
without engagement control station.
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APPENDIX C.-~EXPERIMENT OF PATRIOT SYSTEM TO COMPARE THE RESPONSE OF
A MODEL WIRE ABOVEGROUND WITH HORIZONTALLY AND VERTICALLY
POLARIZED INCIDENT FIELDS
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APPENDIX C

We see from figures C-1 to C-6 that a horizontally polarized field
will couple more strongly to a wire aboveground than a vertically
polarized field for the orientations shown in figure C-7 for the PATRIOT
system. It is assumed here that the incident fields are of the same
amplitude. 1Indeed, they are very close in amplitude (sect. 3.5 in the
main body of this report).

The dominant coupling mode for a horizontally polarized field is ,
broadside, and that for a vertically polarized field is end fire,

FILE NAME: BROAD.H1

70
60
50 i
= 40 :
:_c_, 30 !
T i
@ 20
6‘ 10 -
-20 \
-30
0 10 20 30 40 50 60 70 80 90 100
TIME (ns)
TR = 0.968 ns
20-IN. WIRE 2 IN. HIGH
MAX = 0.0542
MIN = 0.0261
P/P = 0.0804
Figure C-1, Broadsid. coupling to horizontally polarized field, time
domain response.
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FILE NAME: END.V1
14
12
{
10
Iy
é 8
z
» 6
"
o 4
> \
2 .\
0 4‘7 \\-\~ o
-2
0 10 20 30 40 50 60 70 80 90 100
TIME (ns)
TR = 1.605 ns
; 20-IN. WIRE 2 IN. HIGH
MAX = 0.0105
MIN =  1.9890 x 103
P/P = 0.0125
Figure C-2., End-fire coupling to vertically
polarized field, time domain response.
70
60— A
i 50 A 4
‘..‘;" 40 ]
2 30
| S il
] [ 7]
= 10 r N
S o
-10
w1 N
- -30
0 10 20 30 40 50 60 70 80 90 100

TIME (ns)
WAVEFORM A 20 IN. WIRE 2 IN. HIGH BROADSIDE HORIZONTAL FIELD,
FILE NAME: BROAD.H1

WAVEFORM B 20-IN. WIRE 2 IN. HIGH ENDFIRE VERTICAL FIELD,
FILE NAME: END.V1

Figure C-3. Comparison of broadside
horizontal and end-fire vertical coupling,
time domain response.
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APPENDIX C

?350—A
> 300
% 20|\
£ ool oA\
- IVIR
E L VN
%50,l \/\"‘\
A% _— —

0 52 104 166 208 260 312 364 416 468 520
FREQUENCY (MHz)

FFT A 20-IN. WIRE 2 IN. HIGH BROADSIDE HORIZONTAL FIELD,
MAX(A) IS AT 6 X 107 Hz, FILE NAME: BROAD.H1

FFT B 20-IN. WIRE 2 IN. HIGH ENDFIRE VERTICAL FIELD,
MAX(B) IS AT 2 X 107 Hz, FILE NAME: END.V1

Figure C-4. Comparison of broadside

horizontal and end-fire vertical cupling,
fast Fourier transforms.

FILE NAME: BROAD.V1

VOLTS (x107)
[~}
o

-200 %

y

10 20 30 40 50 60 70
TIME (ns)
20.IN. WIRE 2 IN. HIGH
MAX 6.1371x 104

MIN 5.4006 x 10'¢
P/P 1.1540 x 10°3

Honon

Figure C-5. Broadside coupling to vertical
field., time domain response.
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FILE NAME: END.H1
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6
4 [
&
L 2 \
Z ola 1 A\ A\ Y\
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0 10 20 30 40 50 60 70 80 20 100 '
]
TIME (ns) j
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!
Figure C-6. End-fire coupling to horizontal '
field, time domain response.
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APPENDIX D

Presented in figures L-1 and D-2 are the time domaln representations
of the radiated fields from the horizontally and vertically polarized

radiators for the PATRIOT system.

this report for the peak amplitudes of the radiated fields.

(a)

RELATIVE SCALE

(b}

RELATIVE SCALE

FILE NAME: MGL7.2NC

See section 3.5 in the main body of

5

4

3

2 J

1

2
-1 —~—
-2

0 2 4 6 8 10 12 14 16 18 20
TIME (ns)
TR = 0.447 ns
FILE NAME: MGL7.RT2

7
6
5
4
\ /
2
1
0

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

TIME (ns)
TR = 0.428 ns

Figure D-1. Horizontally polarized incident

field, magnetic field measurement.
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APPENDIX D

FILE NAME: MGL2C.3

N\

A

RELATIVE SCALE

A

10 20 30 40 50 60
TIME {ns)

TR=3429ns

Figure D-2, Vertically polarized incident
field.
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